Various pathogenic bacteria produce secreted neutral sphingomyelinases C that act as membranedamaging virulence factors. Mammalian neutral sphingomyelinases C, which display sequence homology to the bacterial enzymes, are involved in sphingolipid metabolism and signalling. This paper describes the first structure to be determined for a member of the neutral sphingomyelinase C family, SmcL from the intracellular bacterial pathogen Listeria ivanovii. The structure has been refined to 1.9Å resolution with phases derived by SIRAS techniques from a single iridium derivative. SmcL adopts a DNase1-like fold, and is the first member of this protein superfamily to have its structure determined that acts as a phospholipase. The structure reveals several unique features which adapt the protein to its phospholipid substrate. These include a large hydrophobic β-hairpin and hydrophobic loops surrounding the active site that may bind and penetrate the lipid bilayer to position sphingomyelin in a catalytically competent position.
Sphingomyelinases C are enzymes that catalyse the hydrolysis of sphingomyelin in biological membranes to ceramide and phosphorylcholine.
Various pathogenic bacteria produce secreted neutral sphingomyelinases C that act as membranedamaging virulence factors. Mammalian neutral sphingomyelinases C, which display sequence homology to the bacterial enzymes, are involved in sphingolipid metabolism and signalling. This paper describes the first structure to be determined for a member of the neutral sphingomyelinase C family, SmcL from the intracellular bacterial pathogen Listeria ivanovii. The structure has been refined to 1.9Å resolution with phases derived by SIRAS techniques from a single iridium derivative. SmcL adopts a DNase1-like fold, and is the first member of this protein superfamily to have its structure determined that acts as a phospholipase. The structure reveals several unique features which adapt the protein to its phospholipid substrate. These include a large hydrophobic β-hairpin and hydrophobic loops surrounding the active site that may bind and penetrate the lipid bilayer to position sphingomyelin in a catalytically competent position.
The structure also provides insight into the proposed general base/acid catalytic mechanism, in which His-325 and His-185 play key roles.
Sphingomyelinases C (SMases C -EC 3.1.4.12) are phosphodiesterases that catalyse the hydrolysis of the membrane phospholipid sphingomyelin (SM) at the aqueous:lipid interface, generating ceramide and phosphorylcholine. Several types of enzymes with SMase C activity have been identified in eukaryotes and prokaryotes. Eukaryotic SMases C have been classified according to their pH optima and are known as acid SMase (1), alkaline SMase (2) and neutral SMase (nSMase) (3, 4) . In prokaryotes, some broad specificity phosphatidylcholine phospholipases C (PC-PLC) display SM-hydrolysing activity (5, 6 ) but a number of pathogenic bacteria, such as Staphylococcus aureus (β-toxin (7)), Bacillus cereus (8) , Leptospira interrogans (9) and Listeria ivanovii (10) , produce SMspecific phospholipases. These bacterial SMases C share sequence homology with the eukaryotic nSMases, and all currently available data suggests eukaryotic nSMases and bacterial SMases C (henceforth bacterial nSMases) share a similar catalytic mechanism and overall structure (11, 12) . A sequence alignment of selected members of the nSMase family is presented in Fig. 1 . In contrast to the eukaryotic and bacterial nSMases there is no identifiable sequence conservation within the other types of SMase C. Additionally, these enzymes utilise different catalytic mechanisms, and are predicted to be structurally unrelated to nSMases.
Mammalian nSMases are thought to play a key role in sphingolipid metabolism and there is increasing evidence implicating SM metabolites in cell signalling, cell proliferation and apoptosis (13) (14) (15) (16) . Two human nSMases have been cloned, nSMase1 (3) and nSMase2 (4) . Sequence analysis of these proteins and other eukaryotic nSMases (11) has revealed that they have either N-terminal or C-terminal extensions that encode predicted membranespanning regions, which will localise the proteins to membranes and promote interfacial catalysis. In contrast, bacterial nSMases are secreted proteins and act as membrane damaging virulence factors promoting host tissue colonisation. The nSMase produced by the intracellular pathogen L. ivanovii, SmcL, the first for which an unambiguous role in pathogenesis was demonstrated, has been shown to mediate bacterial escape from the phagocytic vacuole following internalisation, thereby promoting intracellular survival and replication (10) . It has also been suggested that in addition to its mechanical role as a phagosome-disrupting factor, SmcL may modulate host cell responses by interfering with the SM-ceramide signalling pathway (10) . SmcL and the other bacterial nSMases differ from their eukaryotic homologues in that they lack any obvious membrane-spanning regions. To date, the mechanism by which bacterial nSMases target and bind to membranes to access their substrate has not been determined.
Although sequence alignments of bacterial and eukaryotic nSMases reveal they are only distantly related (11) , several key residues, demonstrated to be important for catalysis, are highly conserved (17, 18) . These residues are also conserved in the DNase1-like family of Mg 2+ -dependent phosphodiesterases, again despite low overall sequence homology. Based on this conservation nSMases have been predicted to adopt an overall fold similar to DNase1 and a molecular model of the B. cereus enzyme has been produced (19) . This model has proved useful in guiding sitedirected mutagenesis studies to probe function (17, 18) . Based on studies of the B. cereus and mammalian nSMases (11, 17) , and structural (20) and mutagenic studies (21) of DNase1, catalysis is presumed to proceed via an SN 2 -type phosphodiester hydrolysis, with the two conserved histidines acting as a general base and general acid. The Mg 2+ ion acts as a Lewis acid to stabilise the pentavalent phosphoryl intermediate, and this ion is co-ordinated by a conserved glutamate residue (18, 21) . Currently identified proteins in the DNase1-like family, for which protein structures are known, show diverse functions. They either (a) catalyse the hydrolysis of DNA and include endonucleases (20, 22, 23) and a bacterial toxin (24) ; (b) act as inositol polyphosphate 5-phosphatases, with no phosphodiesterase activity (25) ; or (c) are not catalytically active, but mediate nitric oxide transport (26) . There are currently no known lipid-specific phosphodiesterases (phospholipases) that adopt the DNase1-like fold. Therefore, the structure of SmcL would provide the first picture of a new class of phospholipase.
An increasing number of nSMase homologues are being uncovered through genome sequencing projects. New members of the nSMase family have been identified in clinically important pathogens such as Mycobacterium tuberculosis (27) and the malaria protozoan parasite Plasmodium falciparum (28) . Due to their potential as a target to interfere with infectious pathogenesis or sphingolipid signalling and metabolic disorders, interest in nSMases has increased significantly in recent years, with a number of attempts to generate specific inhibitors (29, 30) . However, no high-resolution experimentallydetermined structural information is currently available for the protein family, that could be valuable in understanding the mechanism of action of such molecules or in the design of active compounds. This lack of structural information also leaves many fundamentally important questions unanswered. For instance, does the overall fold and active site of bacterial and eukaryotic nSMases truly resemble DNase1? What differences are identifiable in the arrangement of the catalytic site compared to other structurally related (DNase1-like) proteins? When all related proteins of known structure are not active on phospholipids, how do nSMases target and bind SM as a substrate?
The crystal structure of L. ivanovii SMase C (SmcL) presented here provides the first opportunity to understand the details of structure/function relationships in nSMases at the atomic level.
MATERIALS AND METHODS
Cloning, protein expression and purification DNA encoding SmcL was generated by PCR from L. ivanovii PAM55 genomic DNA using primers 5'-GGAGGACATATGGAAAAATTTAAAA-3' and 5'-TAAGCTAGATTGGAATTCCTGG-3'. These primers contained Nde1 and EcoR1 restriction sites (underlined) to facilitate subsequent cloning. The EcoR1 site is downstream of the genome-encoded stop codon. The catalytic domain was then subcloned, without the signal sequence for extracellular secretion, by PCR from a vector encoding the full-length protein using primers 5'-CATATGGCTAGTGATGAGT-3' and the generic T7-terminator sequence. The forward primer was designed to introduce an NdeI restriction site (underlined) and start methionine followed by residue Gln-36 of the native sequence. This start site was determined by comparison with other mature bacterial nSMases for which the N-terminal residues are known (31) . This PCR product was cloned into pGEM-T (Novagen) and checked for PCRinduced mutations by DNA sequencing. The pGEM-T:SmcL vector was then cut with NdeI and XhoI and cloned into pET27b (Promega), cut with the same enzymes. The resulting plasmid was transformed into E. coli BL21 (DE3), and protein of the correct size was observed in small scale expression tests. For overexpression of SmcL, BL21 (DE3) cultures were grown to a density of ~0.4 -0.6 OD 600 at 37°C, induced with 1 mM IPTG (final concentration), and grown overnight at 20°C to maximise the yield of soluble protein. Cells were pelleted by centrifugation, resuspended in 20 mM Bis-Tris, 2 mM MgCl 2 , 10 mM NaCl, pH 6.0, lysed by sonication, and clarified by centrifugation. The resulting supernatant was passed through two 5 ml Hi-Trap SP-sepharose FF columns linked in tandem. Protein was eluted with a 0 -50% gradient over 15 column volumes (elution buffer as above with 1 M NaCl). The predominant peak, eluting at ~35% elution buffer was confirmed to be SmcL by SDS-PAGE. Fractions containing the protein were pooled, concentrated by ultrafiltration and passed through a HiLoad 16/60 Superdex-75 gel filtration column. Gel Filtration buffer comprised 20 mM Bis-Tris, 2 mM MgCl 2 , 250 mM NaCl, pH 6.0. The single major peak was confirmed to be SmcL by SDS-PAGE, with purity judged to be > 95%. Fractions containing SmcL were pooled and concentrated to 10 mg/ml by ultrafiltration as judged by absorbance at 280 nm. A typical yield was 10 mgs per litre of culture. Catalytic activity against SM was confirmed using a sphingomyelinase assay kit (Molecular Probes -data not shown). Dynamic light scattering showed the protein was monodisperse and most likely monomeric in solution (data not shown).
Crystallisation and data collection
Initial crystals of SmcL were obtained by hanging drop vapour-diffusion from an inhouse screen based on previously described conditions (32) . Screening around these conditions led to diffraction quality crystals produced using 16 -22 % PEG 8000, 100 -250 mM sodium di-hydrogen phosphate, 200 mM sodium chloride, 100 -250 mM sodium citrate pH 4 -4.8. Crystals appeared in 2 -3 days and grew to maximal size (~0.3 x ~0.3 x ~0.1 mm) in ~2 weeks. Prior to data-collection crystals were cryo-protected with the relevant reservoir solution but with 20% PEG 8000 and 20% glycerol. Initial native and the derivative diffraction data were collected on an R-AXIS IV ++ detector with X-rays from a Rigaku Micromax007 generator with 'blue' optics. All data were processed with MOSFLM (33) and scaled with SCALA, as implemented in the CCP4 suite (34). The initial native dataset revealed the protein crystallised in P3 1/2 21 with unit cell dimensions a = b = 67.19 Å, c = 180.88 Å. Assuming a solvent content of 59% the asymmetric unit contained one molecule.
The single derivative required to phase the data was prepared by soaking a crystal in the relevant reservoir solution, but with 20% PEG 8000 and 5 mM potassium hexachloroiridate (IV), for 24 hours. High-resolution native data was collected at the Daresbury-SRS (station 14.1) to 1.9 Å on an ADSC quantum4 CCD detector. Data collection and processing statistics are given in Table I .
Structure determination and refinement The structure of SmcL was solved by 'single isomorphous replacement with anomalous scattering' (SIRAS) methods to 3.0 Å using native and derivative data collected on a conventional 'in-house' rotating anode x-ray source. SOLVE (35) was used to perform all steps of phasing including site identification, site refinement and calculation of phases. A single major iridium site was found, and the final figure of merit was 0.31. These phases were modified and extended to the resolution limit of the 'in-house' native data (2.6 Å) using RESOLVE (36) . At this stage the experimental phases were combined with the high-resolution native dataset, and a second round of RESOLVE extended the phases to 1.9 Å (final figure of merit for all data = 0.49) and automatically built an initial model (37) . This model was used to guide subsequent manual building. Inspection of the resulting electron density maps showed the correct space group to be P3 1 21 .
Iterative building and refinement steps used the programs 'O' (38) and Refmac5, as implemented in CCP4 (34). The initial manual build of the protein into the 1.9 Å experimental map placed 275 (of 300) amino acids, all assigned to sequence. The first refinement cycle, starting with prior-phase weighting and overall B-factor refinement and ending with no prior-phase weighting and isotropic B-factor refinement, resulted in an R-factor of 28.9%, and Rfree (5% of data) of 31.1%. Repeated rebuilding (using σ-weighted 2F o -F c and F o -F c maps) and refinement of the structure (including one phosphate, one glycerol and 244 water molecules) reduced the R-factor to 20.1% (Rfree = 23.3%).
RESULTS

Overall structure
The final model of SmcL comprises 288 amino acids, 1 phosphate, 1 glycerol and 244 water molecules with a converged R-factor of 20.1% (R free = 23.3%) for all data between 30 and 1.9 Å resolution. The rmsd for bond lengths is 0.016 Å, and bond angles is 1.43°. The overall structure of SmcL is shown in Fig. 2(a) and (b). The electron density (and therefore the model) is continuous throughout the sequence from residue Tyr-41 through Asn-333 except for a break between Gly-125 and Ala-131 (Note: all numbering for SmcL is from the start methionine of the protein, including the signal sequence). A representative example of the electron density is shown in Fig. 3 . The Ramachandran plot as produced by MOLEMAN2 (39) reveals 1.9% of non Gly/Pro residues considered (5 of 266) are flagged as 'outliers' from core regions. PROCHECK (40) defines the residues as 90.9% in most favoured regions, with no residues occupying the disallowed region.
As has been predicted by protein fold recognition (19) , but not confirmed before this study, the structure of SmcL adopts a DNase1-like fold as defined by SCOP (41) . This fold is dominated by a central β-sandwich, flanked by α-helices and loops (see Fig. 2 (a) and (b)). The closest structural homologue to SmcL, as identified by structural similarity searches (42) , is E. coli Exonuclease III (PDB: 1AKO -Z-score 19.8, rmsd 3.5 Å for 223 residues). A further seven proteins form a cluster of DNase1-like structures (Z-scores of 15.3-19.6, next highest hit: 5.3), including bovine DNase1 (PDB: 3DNI -Z-score 17.7, rmsd 3.2 Å for 218 residues) and Schizosaccharomyces pombe inositol polyphosphate 5-phosphatase (PDB: 1I9Y -Z-score 18.9, rmsd 3.0 Å for 212 residues). These proteins only share 14-17% sequence identity with SmcL.
Although functionally and mechanistically similar (except the second phosphodiesterase bond is cleaved), the overall structure of SmcL shows no similarity to the recently determined Loxosceles laeta SMase D which adopts a (β/α) 8 TIM-barrel fold (43) .
Catalytic site
By homology to DNase1 and other structurally related proteins, the active site of SmcL is readily identifiable within a deep, solventaccessible pocket in the structure located at the top of the β-sandwich, and surrounded by long loops that connect the secondary structure elements of the protein (Fig. 2 (a) and (b) ). The arrangement of residues that form the core catalytic centre are shown in Fig. 4 . All (bacterial and non-bacterial) nSMases identified to date contain two conserved histidine residues (His-185 and His-325 in SmcL, Fig. 1 ), which mutagenesis and kinetic studies of the B. cereus nSMase (and homology to DNase1) suggest are the general acid and general base of the catalytic mechanism (17) . A conserved aspartate, Asp-282 binds to the ND1 atom of His-325 facilitating its action as the general base (raising the pK a ), and ensuring correct positioning. Another conserved aspartate, Asp-229 occupies a position between the two catalytic histidines and is likely to help spatially orient these residues. Interestingly, and distinct from DNase1, His-185 does not have a carboxylate group bound to its side chain. Instead, a buried water molecule is bound to the ND1 atom, with the free NE2 atom facing the active site cavity. In addition to the ND1 atom of His-185 this water molecule is hydrogen bonded to main chain atoms Glu-88:N, Gly-135:O, and forms part of an extended hydrogen-bonded network which also includes a second buried water molecule (see Fig. 4 ). These bonds appear to act as a network to correctly orient the side chain of His-185, but would not be expected to alter the pK a . The presence of a carboxylate binding partner for equivalent residues in other similar phosphodiesterases is not a requirement for activity. In Haemophilus ducreyi cytolethal distending toxin a valine occupies the position of the equivalent histidine binding partner in DNase1 (24) . Additionally, in exonuclease III the histidine is replaced by a tyrosine residue, which is thought to act as the general acid (22) .
Adjacent to the catalytic histidines, this site also contains a conserved glutamate (Glu-88 in SmcL), an indispensable ligand for binding the Mg 2+ ion in B. cereus nSMase (19) , and by homology SmcL and other nSMases. Despite being essential for efficient catalysis and present in the crystallisation buffer, no Mg 2+ ion is observed in the SmcL structure. This is the case for all structurally similar proteins determined to date, and is largely expected as the Mg 2+ binding site is not formed until the substrate is present. The ion probably enters with the substrate. However, the position of the Mg 2+ can be confidently inferred from the structure of exonuclease III bound to dCTP and Mn 2+ (22) . In SmcL, a water molecule occupies this position (Fig. 4) . In addition to binding the non-covalent phosphate in the active site (see below) this water molecule is also bound by a second conserved residue, Asp-324. It is likely that Asp-324 also binds the Mg 2+ ion during catalysis.
Substrate binding
Residual electron density in the active site that displays tetrahedral geometry has been modelled as a phosphate ion (Fig. 3, 100 (Fig. 5) . None of these are buried in the SmcL structure and all would be at least partly solvent exposed in solution.
Given the lack of identifiable membranespanning regions in bacterial nSMases, these two highly hydrophobic structures, adjacent to the active site, clearly suggest a mechanism evolved in these enzymes for interacting with the acyl-chains of SM during catalysis. Additionally, two bulky hydrophobic residues, Trp-313 and Phe-314, which are located at the apex of the β-hairpin (Fig. 5) , suggest a mechanism for targeting and mediating initial interaction with membranes to promote interfacial catalysis (see Fig. 6 ).
DISCUSSION
This study presents the first structure of a member of the nSMase family (Fig. 2) , SmcL from the bacterial pathogen L. ivanovii. This work (a) demonstrates that the nSMases are structurally related to the DNase1-like superfamily, (b) suggests a mechanism for substrate binding and membrane interaction to promote interfacial hydrolysis of SM (Figs. 2, 5 and 6), and (c) reveals the fine details of the active site at the atomic level (Fig. 4) . Although a distant evolutionary relationship between nSMases and the DNase1-type phosphodiesterases has previously been suggested, the structure of SmcL is the first confirmation of this. Despite sharing the common link of phosphodiester bond cleavage, the structure of SmcL is unique compared to other DNase1-like phosphodiesterases as it does not target DNA as a substrate, but the membrane phospholipid SM.
The requirements of substrate recognition within the membrane and interfacial catalysis present specific problems to proteins interacting with membranes. From sequence comparisons of the bacterial and eukaryotic nSMases, and analysis of the structure of SmcL, it appears that the nSMase family has evolved two mechanisms to overcome the problems associated with the positioning of the enzyme's active site at the interfacial region of membranes. Firstly, eukaryotic nSMases are most likely targeted to membranes via hydrophobic membrane-spanning regions present in either N-terminal (e.g. human nSMase2 (3)) or C-terminal (e.g. human nSMase1 (4)) extensions. From the structure of SmcL these transmembrane sequences lie outside a conserved nSMase catalytic domain, and presumably they are sufficient to appropriately position the active site of these enzymes for hydrolysis of SM in the membrane. Bacterial nSMases have no predicted transmembrane regions outside the catalytic domain. Instead, a unique, highly hydrophobic β-hairpin structure and other hydrophobic loops are observed adjacent to the active site in the SmcL structure that are likely to mediate positioning of SM in a catalytic competent position. Loop structures containing exposed bulky hydrophobic residues have also been implicated in specific binding of sphingolipids (44) . The only possible exception among bacterial nSMases is the enzyme produced by L. interrogans, which has a small deletion in the region of the β-hairpin and a C-terminal extension (9), suggesting it may bind to the membrane via an alternative mechanism.
The structure of the hydrophobic β-hairpin also suggests a mechanism for initial interaction of the protein with membranes. At its apex, the β-hairpin contains exposed tryptophan [313] and phenylalanine [314] residues. Exposed hydrophobic loops are emerging as an important mechanism for mediating protein-membrane interaction, with examples including (amongst others), Escherichia coli hemolysin E, Actinia equine equinatoxin, and Clostridium perfringens perfringolysin O (reviewed in (45)). Through this β-hairpin, bacterial nSMases would penetrate the interfacial, and possibly the hydrophobic core regions of the lipid bilayer, similar to H-type membrane targeting domains as reviewed in (46) to enable catalysis (see Fig. 6 ). This interaction is reminiscent of the B. cereus phosphatidylinositol-specific phospholipase C where a 'hydrophobic ridge' on the surface of the protein has been predicted to be involved in interfacial contact (47, 48) , although this ridge is not as dramatic as the β-hairpin observed in SmcL.
These features of SmcL are an excellent example of the evolutionary adaptation of a protein scaffold (the DNase1-like fold) to enable substrate selectivity. They are also elegant adaptations when considering bacterial/eukaryotic nSMase function. Membrane anchoring in eukaryotic nSMases may aid enzyme regulation and retain compartmentalisation of activity within cells. The bacterial nSMases however, as secreted proteins, are required to be soluble but must still maintain the intrinsic ability to intimately interact with membranes to appropriately position the substrate for interfacial catalysis. This catalysis can proceed by two mechanisms -the enzyme dissociates from the membrane and re-binds to initiate a new cycle (hopping), or the enzyme remains bound to the membrane and continues to hydrolyse substrate until depletion (scooting). The B. cereus nSMase has been shown to follow a scooting mechanism on SM vesicles, and the bound enzyme does not leave the interface even after all the SM in the outer membrane has been converted to ceramide (49). Due to the high level of sequence conservation, SmcL is highly likely to display the same interfacial catalysis characteristics as the Bacillus enzyme. A schematic model describing the putative interfacial catalytic cycles of SmcL is shown in Fig. 6 .
Current understanding of the molecular details of the nSMase catalytic mechanism is largely based on distant structural homology to DNase1 and site-directed mutation studies of the B. cereus enzyme. These studies suggest a general base/acid mechanism that can be broken down into three essential steps: (a) generation of an attacking nucleophile, (b) nucleophilic attack on the phosphodiester substrate generating a pentavalent intermediate, (c) departure of the leaving group. In nSMases, two conserved histidines act as the general base and acid (His-325 and His-185 respectively). His-325 de-protonates a water molecule and the resulting hydroxyl attacks the scissile phosphodiester bond. The developing negative charge is stabilised by the Mg 2+ ion co-ordinated by the enzyme and the substrate, and in a concerted reaction His-185 donates a proton to the leaving group in the pentavalent intermediate, promoting product formation. This mechanism will be strongly pH dependent to maintain the correct protonation states of the histidines, hence these enzymes have optimal rates at neutral pH. The structure of SmcL supports this mechanism, and the orientation of residues known to be important all appear appropriately positioned for catalysis (Fig. 4) . The structure confirms that His-325 acts as the critical general base as mutational analysis of the B. cereus enzyme has suggested (17) . Significantly, the structure reveals it is the only histidine in the active site that has a binding partner to alter the pK a of the side chain. The structure also suggests why in B. cereus nSMase, unlike DNase1, residual catalytic activity is observed with mutations of His-185 (17) -there is no requirement for a His-Asp pair at this site as there is in DNase1. It has been suggested that a water molecule may be sufficient to act as a general acid to donate a proton to the pentavalent intermediate in these mutants, albeit with significantly reduced catalytic efficiency (17) .
In conclusion, the structure of SmcL, the first of a nSMase, adopts the DNase1-like fold, and as such provides the first picture of a new family of phospholipases. This overall structure is likely to be conserved across the bacterial and eukaryotic nSMase family. Mg 2+ -dependent interfacial catalysis is mediated by His-325 (general base) and His-185 (general acid), supported by other conserved active site residues. A highly hydrophobic β-hairpin, and other hydrophobic loops, most likely mediate membrane binding in bacterial nSMases and facilitate positioning of SM in the active site. This structure is important in further studies aimed at dissecting the molecular mechanisms of nSMases. . The molecular surface of these residues is displayed, with the contribution from hydrophobic amino acids in turquoise. Active site residue labelling is given in Fig. 4 . Figure 1 by guest on September 1, 2017
